Mixed halide Perovskite solar cells (PSCs) are commonly produced by depositing PbCl 2 and CH 3 NH 3 I from a common solvent followed by thermal annealing, which in an up-scaled manufacturing process is likely to take place under ambient conditions. However, it has been reported that, similar to the effects of thermal annealing, ambient humidity also affects the crystallisation behaviour and subsequent growth of the Perovskite films. This implies that both of these factors must be accounted for in solar cell production. In this work, we report for the first time the correlation between the annealing time, relative humidity (RH) and device performance for inverted, mixed halide CH 3 NH 3 PbI (3−x) Cl x PSCs with active area ≈1 cm 2 . We find a tradeoff between ambient humidity and the required annealing time to produce efficient solar cells, with low humidities needing longer annealing times and vice-versa. At around 20% RH, device performance weakly depends on annealing time, but at higher (30%-40% RH) or lower (0%-15% RH) humidities it is very sensitive. Processing in humid environments is shown to lead to the growth of both larger Perovskite grains and larger voids; similar to the effect of thermal annealing, which also leads to grain growth. Therefore, samples which are annealed for too long under high humidity show loss of performance due to low open circuit voltage caused by an increased number of shunt paths. Based on these results it is clear that humidity and annealing time are closely interrelated and both are important factors affecting the performance of PSCs. The findings of this work open a route for reduced annealing times to be employed by control of humidity; critical in roll-to-roll manufacture where low manufacturing time is preferred for cost reductions.
Introduction
Perovskite solar cells (PSCs) based on organic-inorganic metal halide materials, primarily CH 3 NH 3 PbI 3 (MAPI), are a promising renewable energy technology [1] [2] [3] [4] , with reported efficiencies exceeding 20% on small area cells of around 0.1 cm 2 [5, 6] , 15% on square-centimetre MAPI devices [7] and over 22% using novel compositions at lab scale after only a few years' research effort (see chart at nrel.gov). However, there exist a number of problems to be overcome before transfer to volume production, including the use of Pb [8, 9] and challenges in scale-up from small-to large-area devices [7] . One further major issue which could hinder large-scale deployment is the sensitive nature of PSCs to atmospheric conditions under which they are processed. It is well known that PSCs degrade on storage in humid atmospheres [10] [11] [12] ; however, the humidity under which the cells are produced also plays a role in determining structure and thus performance [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Previous studies have shown that atmospheric moisture plays an important role in the crystallisation of the MAPI absorber layer when used in planar devices in both normal [13, 21] and inverted [14, 15] architectures, with more humid environments tending to lead to faster conversion of the precursors and more rapid crystal growth. In addition to any morphological effects, moisture exposure during production has been reported to affect the photo-physical properties of the Perovskite material [13] . However, limited attention has been paid to any effect that this acceleration in the Perovskite formation process may have on the annealing time required to achieve the optimum performance at different humidities, which could be a critical factor in the design of future production processes. Therefore we have investigated the relationship between humidity and required annealing time for PSCs.
Simple observation of the film colour while annealing reveals that the humidity does certainly play a role in determining how quickly the films turn from yellow to dark brown, indicating conversion to the final Perovskite phase, with films annealed at 100°C and 0% RH taking 28 min, while films at 40% RH take as low as 15 min for the colour change to occur. This observation, which is consistent with previous reports [13] , implies that the two factors are indeed interrelated, and furthermore that it may be possible to use control of humidity to reduce the necessary annealing time in future mass production scenarios. Generally, a reduced annealing time is preferred for roll-to-roll manufacturing systems for cost reduction and to reduce the physical size of the required production line.
Therefore, in order to elucidate the nature of this interrelationship, the performance of Perovskite solar cells in a planar inverted architecture was studied as a function of both ambient humidity and annealing time. The humidity during annealing was controlled using a large-volume dry box, which was chosen to avoid subjecting the devices to unduly increased air pressure or high gas flow rates, both of which might affect the reaction via influencing the local vapour pressure and flux of potential reactants above the films.
Methods
Patterned indium tin oxide (ITO)/glass substrates (Lumtec) were cleaned in methanol by 10 min ultrasonication, followed by an O 2 plasma treatment for 10 min at 100 W and 15 SCCM. Poly (3,4-ethylenedioxythiophene) :polystyrene sulfonate (PEDOT:PSS, P VP Al 4083 Heraeus) was deposited by spin coating for 40 s at 5000 RPM, using a static dispense, and dried at 150°C for 15 min. The PEDOT:PSS-coated substrates were transferred to a N 2 glovebox (<0.1 ppm O 2 and H 2 O) and placed on a hotplate at 100°C. Keeping the Perovskite precursor solution at 70°C, the substrates were removed from the hotplate and quickly put on to the spin coater followed by a dynamic dispense of the Perovskite precursor solution (methylammonium iodide (MAI):PbCl 2 from Dyesol/Sigma Aldrich respectively, at a 3:1 molar ratio in anhydrous DMF, using 158.9 mg MAI and 92.6 mg PbCl 2 in 1.06 ml DMF to give ≈20 wt%) at 2000 RPM for 30 s. The films were allowed to dry in the glovebox for ≈2 min and then removed from the glovebox and placed into the humid environment. Relative humidity was controlled from 15±2% to 40±2% RH at an ambient temperature of 23±2°C by means of controlled evaporation of deionised water inside a dry box, and devices were annealed on a hot plate at 100±1°C for 15-45 min. When 0% RH was desired, the films were annealed inside the nitrogen glovebox. After annealing, the films were immediately returned to the glovebox, and stored under nitrogen in the dark prior to any characterisation. The films were characterised by SEM and EDX using a JEOL JSM-7100F microscope and UV-vis-NIR spectroscopy using a Varian Cary 5000 spectrophotometer. XPS analyses were performed on a ThermoFisher K-Alpha+spectrometer, using a monochromated Al Kα x-ray source (hν=1486.6 eV) and an x-ray spot of ∼400 μm radius. Elemental compositions were calculated from core level spectra, acquired with a pass energy of 50 eV, following the removal of a nonlinear (Shirley) background.
For device formation, a layer of Phenyl-C 70 -butyric acid methyl ester (PC 70 BM, Dyesol) was spin coated from a 50 mg ml −1 solution in dichlorobenzene at 1000 RPM for 30 s using a static dispense. Finally, 5 nm of bathocuproine and 65-100 nm of Ag were thermally evaporated. The devices were stored in the glovebox until testing in ambient air using a solar simulator (ABET 10 500, class AAB), under AM 1.5 G illumination and calibrated to 1 sun using a calibrated Si reference cell. Cells were tested by both forward and reverse voltage sweeps; reverse sweeps (from 1.2 V forward bias to −0.2 V reverse bias, in 0.01 V steps and at a scan rate of −0.05 V s −1 ) were used to extract parameters for further analysis.
Results and discussion
Morphological and chemical characterisation was carried out on MAPI active layers deposited on glass/ITO/PEDOT:PSS substrates and annealed for various times at different humidities by SEM and EDX. Representative SEM micrographs are shown in figure 1 for a range of humidities and annealing times. From these images, two distinct types of crystalline features were observed, termed rod-like and platelike morphologies. The rod-like morphology can be observed most clearly at long anneal times and high humidities, and is characterised by a network of disoriented high aspect ratio structures with significant film roughness and porosity. The plate-like forms are more prevalent at short times and lower humidities, and are characterised by flatter, plate-like structures which show lower overall porosity than the rod-like phase. However, there always exists a portion of the rod-like phase at all times and humidities.
The increase in porosity with increasing anneal time and humidity would be expected to lower overall device performance via increased formation of shunts leading to lowered V OC . This is consistent with morphological effects of humidity previously reported [13] , however here the trade-off between humidity and annealing time becomes clear. It appears that exposure to humidity speeds the conversion of the precursors to the final Perovskite phase, leading to larger grains for a given annealing time. The thermal effects of annealing, inducing grain growth and densification through free energy minimisation, essentially parallel this last effect of humidity, at least for short anneal times. Therefore, cells produced under higher humidity conditions (e.g. 40% RH) need to be annealed for shorter times in order to avoid overannealing and increasing the size of voids. Additionally, for longer annealing times under humid conditions there is a danger of degrading the film via reaction with atmospheric moisture.
EDX and XPS analyses were used to investigate the possibility of chemical change in the films after annealing as a function of time and humidity. These analyses can be seen as complementary, because while EDX gives bulk information (which is the most relevant to the present study), the elemental quantification can be imprecise, and furthermore detection of Cl in these samples can be complicated by the close overlap of Cl and Pb peaks, leading to detection limits of approximately 1 at% [22] . XPS, by contrast, achieves more precise elemental quantification but only probes the top ≈10 nm of the sample, and so the results may be affected by surface contamination or segregation of mobile species.
The ratio of the atomic% of I/Pb as measured by EDX is shown in figure 2(a) , while the same parameter as measured by XPS is shown in figure 2(c). Both analysis methods show that the I/Pb ratio is close to 3 at all humidities and annealing times, although with a slight drop off as annealing time is increased. A reduction of this ratio from the ideal value of 3 could indicate the onset of chemical decomposition of the films, since the expected decomposition product PbI 2 would have an I/Pb ratio of 2. Degradation due to the loss of Iodine by the evolution of methylamine and HI as gases occurs for Perovskites under longer-term storage in air, which is a wellknown property of halide Perovskites [11] [12] [13] [23] [24] [25] [26] . Samples annealed for 90 min and analysed by EDX showed a more marked reduction in the I/Pb ratio, which would be consistent with such a mechanism. The samples analysed by XPS showed slightly higher I/Pb ratios than the EDX samples, which may point to minor surface segregation of Iodine. However the I/Pb ratio in the most extreme cases is still within ∼10% of the ideal value. Therefore, while chemical degradation may indeed occur during extended annealing, at short anneal times this is not sufficient to explain the device performance results. Figure 2 (b) shows the atomic percentage of chlorine detected in the films by EDX as a function of time and humidity, and figure 2(d) shows the same parameter measured by XPS. As analysed by both methods, the Cl content in all cases is low (<2.5 at%), and decreases strongly with annealing time. This would be consistent with the hypothesis that the samples annealed for 20 min are 'under-annealed', i.e. not quite fully converted to the final Perovskite; a process which proceeds by the removal of chlorine in the form of methylammonium chloride gas [13, 22] . Furthermore, previous XRD studies of halide Perovskites produced from a PbCl 2 precursor [22] detected a chloride-rich precursor phase, for which the associated peak was found to disappear after approximately 20 min annealing at 100°C in a glovebox. It seems likely from the present results that longer than 20 min annealing is required to fully remove chlorine regardless of the humidity.
From the chemical characterisation of the MAPI films we can conclude that, while there are notable differences in Cl content as a function of annealing time, the prevailing humidity does not lead to a significant departure from stoichiometry at any of the annealing times studied. The MAPI films were further characterised optically by UV-vis-NIR spectroscopy using a Varian Cary 5000 spectrometer (figure S2). The absorption spectra of the films showed no distinct trends with annealing time or humidity, which supports the conclusion that the major effect of changing these parameters on the MAPI films is morphological.
In order to investigate the performance of PSCs as a function of time and humidity, solar cells containing PC 70 BM electron transport layers and Ag electrodes with an active area ≈1 cm 2 were made using MAPI films annealed at different humidities for different times as described previously. The average values extracted from JV characterisation of a group of 39 such devices under 1 sun illumination are shown in figures 3 and S1, which are based on data in table S1. It is noted that for the purpose of this study, we have deliberately avoided efficiency enhancing techniques such as solvent engineering or multi-stage annealing in order to investigate the effects of moisture and annealing time as such techniques may have obscured underlying trends.
The device performance data show two distinct trends, with devices produced at lower humidities (0%, 15% and 20% RH) requiring longer times to reach the peak power conversion efficiency (PCE). At higher humidities (30% and 40% RH), the time must be kept short to avoid rapid loss of device performance. 20% RH and 30 min annealing was found to be the optimum when considering average PCE, with a small standard deviation; however, it should be noted that the champion device was actually annealed at 20% RH for 20 min. The cause of the high standard deviation in the 20% RH/20 min population is likely to relate to the fact that at 20% RH, full conversion to the Perovskite takes almost precisely 20 min, as estimated by observing the colour change in the films. Therefore any uncontrolled fluctuations in humidity and/or temperature may lead to devices which contain unconverted regions of precursors, which would be likely to significantly impede charge transport. When annealing for 20 min, working devices could be produced at 20%, 30% and 40% RH, while at lower humidities conversion was clearly incomplete and devices were very poor. However at longer times, the lower humidity devices began to show improved performance, while those produced at 30% and 40% RH rapidly degrade. At 20% RH the device performance did not degrade significantly over the range of annealing times studied (which can be seen more clearly in figure S1 ). This also corresponds with no Cl being detected in any of the films, implying complete conversion of any precursor phases.
From the device performance data it is clear that as humidity increases, the optimum annealing time becomes shorter. As shown in the SEM micrographs in figure 1 , the effect of having simultaneous high humidity and long annealing time is to increase the porosity in the Perovskite films. This is reflected in the open circuit voltage (V OC ) measurements shown in figure 3(b) , in which devices annealed for 20 min showed the highest V OC at 30% RH, while those annealed for longer times showed the highest V OC at 20% RH. This is likely due to reduced shunting in the less porous films produced under these conditions. The devices annealed for 20 min at 30% and 40% RH, despite their high V OC , showed a slight drop in PCE compared with 20% RH, driven by a loss of short circuit current density (J SC ) and fill factor (FF). This could point to the continuing presence of Clrich precursor phases in these devices as implied by the EDX results in figure 2(b) , which is expected to lead to reduced light absorption and charge transport due to this material's non-optimal band gap and recombination pathways.
The inter-dependence between annealing time, humidity and performance is consistent with the mechanisms suggested by You et al and Eperon et al [13, 14] in which exposure to moist air speeds both the conversion of the precursors to the final Perovskite compound and leads to faster grain growth. The proposed mechanism for Perovskite formation from the precursors is [13, 22, 27, 28] This reaction is rate-limited by the reaction of the large excess of methylammonium in the precursor to form methylammonium hydrochloride. Since methylammonium is hygroscopic, it has been proposed [13] that reaction 1 is accelerated in the presence of moisture. This is consistent with the observed faster conversion to Perovskite under high humidity conditions, but also leads to morphological modifications in the films as a function of humidity, both because the reaction ensues more quickly (and thus the films are essentially annealed for a longer time after conversion), and possibly due to adsorbed moisture partially solvating the precursor species, leading to faster mass transport as suggested previously [13] .
The chemical degradation, the onset of which has been observed in the 90 min EDX results in figure 2(a) , is driven by the reaction;
( ) CH NH PbI  PbI  CH NH  HI  2   3  3  3  2  3  2 which is known to occur more quickly in humid environments [11] [12] [13] [23] [24] [25] [26] . Therefore we propose that the devices showing poor performance in this study can be classified into two categories; over-annealed and under-annealed, where the first category have not had a sufficient level of humidity for a long enough time; while the second have had too long an annealing time for the prevailing humidity. Both over-and under-annealed devices are characterised by a significant loss of V OC , J SC and fill factor, indicating incomplete formation of the Perovskite from the precursors in the first case, and increased porosity and possibly chemical degradation in the second case.
This trade-off can be most clearly seen by plotting the response surface generated when treating the average PCE of the cells as the output resulting from a function of two inputs; anneal time and humidity, which is shown in figure 4 . This plot shows the regions within the time-humidity input space in which working devices could be produced (coloured areas), as well as the peak value combinations. This plot allows the optimum parameter space to be clearly seen, which could be a useful guide in future industrial scale up of this technology.
Conclusion
The trade-off between ambient humidity and the annealing time necessary for optimum PV performance for PSCs was investigated for the first time. Perovskite cells were produced under various humidities for various times and characterised. The results reveal a trade-off between anneal time and humidity, whereby humidity exposure initially has the effect of causing faster conversion of the precursors to form the Perovskite and of speeding grain growth within the deposited layer, similar to the desired effects of thermal annealing. In order to produce a dense active layer with the lowest level of voids, leading to optimum performance, devices need a combination of moderate humidity and moderate anneal time. Devices annealed for short times at low humidities show incomplete conversion, and those annealed for longer times at 
